Results: Performance improved with age across all types of digit pairs, especially in the left ear, leading to smaller interaural asymmetries among older participants. A left-ear advantage was produced by 39 subjects (18%), only two of whom were left-handed. Normative data are reported for right and left ear scores and for interaural asymmetry (percent correct difference between the two ears) under one-, two-, and three-pair conditions of the test and for interaural asymmetry across the entire test. A unilateral deficit was identified in children (15.5%) and young adults (12%) for the left ear and in children (11.3%) and young adults (6%) for the right ear. A bilateral deficit was also identified in children (6.5%) and young adults (6%).
I
t has been recommended that persons suspected of an auditory processing disorder (APD) be tested behaviorally for several auditory processes, including performance decrements with competing acoustic signals (American Speech-Language-Hearing Association, 1996) . For many years, several tests of binaural integration and binaural separation have been used to assess a listener's ability to process competing auditory information. The standard test of binaural integration is the dichotic listening test in which the listener must repeat all information that is presented simultaneously to both ears (see Moncrieff, 2006 , for explanation of binaural integration). A unique feature of the dichotic listening test is that listeners can serve as their own controls and that differences in performance between the two ears can be identified (Jerger and Musiek, 2000) . Dichotic listening performance with normal performance in one ear and a significant interaural asymmetry between the two ears from below-normal performance in the other ear has been termed a ''left-ear deficit'' because most individuals show reduced performance in the left ear with normal performance in the right ear (Bellis and Ferre, 1999; Jerger et al, 1999; Musiek, 1999; Moncrieff and Musiek, 2002) . Among children evaluated for an APD, this type of unilateral weakness on dichotic listening tests is common and has been characterized as an ''Integration Deficit'' type of APD (Bellis and Ferre, 1999; Florida Department of Education, 2001) . A recently developed auditory training regimen has demonstrated improved dichotic listening performance in children with this type of unilateral deficit, making improved diagnosis of this type of APD even more clinically important (Moncrieff and Wertz, 2008) . 1 Because of the prevalence of dichotic deficits in children with APD, a consensus conference in 2000 recommended the screening of anyone suspected of APD with a two-pair dichotic digits test presented in free-recall mode (Jerger and Musiek, 2000) . A problem with the double digits test, however, is that school-age children often perform at ceiling levels on the test (Moncrieff and Musiek, 2002; Neijenhuis et al, 2002) , thereby reducing its sensitivity in identifying children with potential processing difficulties and making it a poor choice as a screening instrument. Dichotic listening performance depends on the verbal task demands of the stimuli and the ability of the listener to provide sufficient resources for auditory encoding and short-term memory to provide a correct response (Maerlender et al, 2004 ). Because the verbal task demands are lowest in a dichotic test with a closed set of highly familiar verbal stimuli such as digits, testing children with three or more pairs of digits has long been recommended in order to produce more valid results (Kimura, 1961; Morton and Siegel, 1991) . Currently, however, there is no normative data available from children on dichotic listening with tests that involve more than two pairs of digits at one time.
During any kind of dichotic listening, features of the competing stimuli that are identical or similar (such as the vowels in pairs of consonant-vowels) perceptually fuse at the level of the brainstem (Repp, 1977) and are interpreted as a binaural stimulus (Geffen and Quinn, 1984) . Remaining unfused features (such as the different consonants in pairs of consonant-vowels) involve more information per unit of time than is customary for monaural or binaural stimulation and are transmitted through the contralateral pathways for linguistic processing in the language-dominant hemisphere of the brain (Studdert-Kennedy and Shankweiler, 1970) . Information ascending to the language-dominant hemisphere via the indirect route along ipsilateral auditory pathways is purportedly suppressed during dichotic listening (Kimura, 1967) . This suppression, together with delays in transmission as ipsilaterally presented information must cross through the interhemispheric pathways of the corpus callosum to access the language-dominant hemisphere, may result in loss of information presented to one ear. It has also been suggested that some information may be lost during dichotic listening due to shifts in attention or because of limited resources in working memory (Kinsbourne, 1970) . The right-ear advantage (REA) typically observed in a majority of listeners is likely due to an interaction of stimulus characteristics, structure within the auditory pathways, and allocation of resources related to attention and working memory (Hugdahl, 1995) .
The dependence of ear advantage on stimulus characteristics is evidenced in reports of smaller ear advantages for dichotic digits (Kimura, 1961; Musiek, 1983; Strouse and Wilson, 1999a ) than for dichotic consonant-vowels (CVs) (Berlin et al, 1973; Hugdahl, 1995) or for open-set single syllable words (Lamm and Epstein, 1994; Strouse Carter and Wilson, 2001) . Ear advantages are larger in children and elderly adults than in young adults, evidence that the structural pathways and resources in attention and working memory are subject to effects of maturation and aging (Bellis, 2003; Roup et al, 2006) . Hiscock and colleagues (2000) reported that when tested with dichotic words, approximately 20% of right-handed listeners and as many as 50% of left-handed listeners produced a leftear advantage (LEA) or no ear advantage. Wilson and Leigh (1996) reported similarly stronger performance in the left ear among approximately 13% of the righthanded listeners and nearly half of the left-handed listeners tested with dichotic CVs. These results suggest that theories of dichotic listening may be flawed to the extent they imply that normal performance depends on the presence of an REA. Normal performance is typically based on whether a listener's individual ear scores fall within age-appropriate limits. Usually, the score from the ear that is contralateral to the language-dominant hemisphere is slightly higher than the score from the other ear. The interaural asymmetry of the two scores can then characterize both the direction of laterality (whether a listener demonstrates a REA or a LEA) and the degree of difference between the two ears. Lateralization of language function as reflected by interaural asymmetry during dichotic listening tests has been favorably compared with results obtained during WADA testing and functional neuroimaging (Hugdahl et al, 1997; Fernandes et al, 2006) .
Because dichotic listening performance can be influenced by a number of nonauditory factors such as fatigue, attention, and motivation, clinical diagnosis of a deficit should never be made with results from only one test. Ideally, a performance deficit observed on a behavioral test should be verified by cross-checking the deficit with an independent measure that assesses the same underlying process (Jerger and Hayes, 1976) . In the absence of objective methods to assess binaural integration deficits in children, audiologists can confirm the presence of a binaural integration deficit by observing it on two or more tests of dichotic listening. A consistent deficit evident to a similar degree on several tests provides greater support for the diagnosis of a processing disorder and makes it easier to exclude other nonauditory factors.
Many children are currently screened for a binaural integration deficit with the Competing Words subtest of the SCAN-C (Test of Auditory Processing Disorders in Children) (Keith, 2000) . Abnormal performance on this test should be followed by additional testing with other dichotic listening tests to confirm the presence of the deficit (Moncrieff, 2006) . At this time, there are few choices for audiologists to make for additional testing. Normative data in adults has been reported for the Randomized Dichotic Digits Test (RDDT) in which pairs of one, two, or three digits are presented in random order so that the task demands on verbal working memory increase with the length of the stimuli from one to two to three pairs at a time (Strouse and Wilson, 1999a) . The inclusion of triple pair digits, together with the uncertainty of how long each stimulus presentation will be (Strouse and Wilson, 1999b) , make the RDDT a more challenging test of binaural integration that may also prove suitable in the assessment of children. The aim of this study was to assess binaural integration with the RDDT in groups of listeners who ranged from 10 to 28 years of age. A primary objective of the study was to acquire normative data for listeners between the ages of 10 and 18 years, adding to other clinical data for 10-11 year olds and providing data for children 12 to 18 years of age, a population for which no specific normative data exists for dichotic listening tests. A secondary objective of the study was to compare normative data for listeners above age 18 years to normative data previously obtained on the same test (Strouse and Wilson, 1999a) .
METHODS

Subjects
A total of 217 participants were recruited in Gainesville, Florida (n 5 73), in Storrs, Connecticut (n 5 68), and from a public school in Wolcott, Connecticut (n 5 76) to participate in the study. The listeners ranged in age from 10 to 28 years and all were self-reported to be in excellent health at the time of the study. None had been previously diagnosed with an APD and all were reportedly doing normally in school (all young adults were registered in graduate school at the time of the study). All were native speakers of English. Consent was obtained from each individual participant age 21 or older and from a parent of each individual participant under the age of 21 according to the guidelines established by the University of Florida Institutional Review Board for subjects in Florida and the University of Connecticut Institutional Review Board for subjects in Connecticut. Each child gave assent prior to participation. Participants were grouped by age into the following four subgroups: 10-11 years (n 5 86), 12-14 years (n 5 55), 15-18 years (n 5 26), and 19-28 years (n 5 50). Demographic information regarding participants within each subgroup is displayed in Table 1 .
Materials
Dichotic listening performance was measured in all of the participants with the RDDT. The RDDT is available as two lists of randomly presented digit pairs recorded as tracks 7 and 8 on the VA CD Tonal and Speech Materials for Auditory Perceptual Assessment, Disc 2.0 (Department of Veterans Affairs, 1998). Both tracks have been previously rated to be equivalent for use as independent measures (Strouse and Wilson, 1999a) . For this study, the version of the RDDT available on Track 7 was used. The track contains 18 randomized presentations of one-, two-and three-pair digits for a total of 54 presentations, spoken by a male. Only the single syllable digits from 1 to 10 were used (i.e., the bisyllabic 7 was omitted). All digits were temporally aligned at onset, and each individual digit file was equalized by the insertion of a silent interval in order to equalize the length of each digit file to the longest digit (561 msec). For two-and three-digit pair presentations, a 500 msec interval was inserted between digits. The intertrial interval varied from 4 sec for one-digit pairs to 5 sec for two-digit pairs and 6 sec for three-digit pairs, thereby increasing the time allowed for the participant to repeat a greater number of digits when necessary. The number of digit pairs presented was randomized so that the participants did not know whether one, two, or three pairs of digits would be presented each time. To access handedness, most of the participants (211/217) were asked to demonstrate their use of several everyday objects according to a questionnaire that included functions like brushing teeth, throwing a ball at a target, writing a letter, and dealing cards from a deck (Annett, 1970) .
Procedures
Pure-tone, air-conduction thresholds were obtained for each ear at 500, 1000, 2000, and 4000 Hz. All participants demonstrated a threshold at each frequency in each ear that was within normal limits (#25 dB HL, American National Standards Institute, 2004). The mean three-frequency pure-tone-average (PTA) from the left and right ears of the four participant groups are listed in Table 1 along with handedness information. Following the hearing test, the RDDT was administered at 50 dB SL relative to each participant's PTA in each ear, rounded to the nearest 5 dB HL step. Dichotic material was played via a CD player through a twochannel audiometer (Grason Stadler, Model 16 or Maico, Model 52) and presented to each participant through TDH-49/50 earphones. All testing was conducted in a sound booth or a quiet room. The RDDT was administered in a free recall paradigm whereby each participant was instructed to listen for all of the digits and to repeat verbally every digit that was heard. There were no additional directions to repeat the digits from one ear first or to preferentially attend to one ear. The number of correctly identified digits for each ear was totaled under each condition (one, two, and three pair).
Interaural asymmetry was calculated as the difference between the ears in percent correct recognition by subtracting the percent correct score for the left ear from the percent correct score for the right ear. Results that produced a positive value were characterized as a REA, and those that produced a negative value were characterized as a LEA. Interaural asymmetry was measured separately for each of the three digit conditions and once for the overall difference between the ears across the entire test.
For initial statistical analyses, raw scores from the RDDT were converted using Studebaker's (1985) rationalized arcsine transform. For dependent variables that are quantitative on an interval scale such as the percentage scores from the digits test, conversion of each score into a rationalized arcsine unit (rau) minimizes the relationship between mean score and variance. Compared to other arcsine transforms, the rau-converted scores are closer to the original percentages from the test and can be used to interpret critical differences across the performance range within each listening condition. The scores expressed in rau's were used for statistical analyses, but all figures and tables in the discussion of the results are expressed in percent correct.
STATISTICAL ANALYSES
S tatistical analyses for main effects and interactions were performed on rau scores for performance on one-, two-, and three-pair digits during the RDDT. A repeated measures analysis of variance (ANOVA) was used (SPSS version 11) to explore within-subjects effects of number of digit pairs (one, two, or three) and ear (right or left) and between-subjects factors of age group and gender on performance recognition. A multivariate ANOVA was used to explore betweensubjects effects of age group and gender on percent correct measures of interaural asymmetry. Post-hoc analyses (Dunnett's T3) were performed on significant interactions between factors. Follow-up analyses for comparisons between variables were performed by univariate and multivariate ANOVA. Significance was evaluated at the levels of p , .01.
RESULTS
Significant Main Effects
The mean recognition values (and standard deviations) for digits presented to the left and right ears for participants in each age group are listed in Table 2 . In every digit condition and across all age groups, overall mean performance was poorer on the digits presented to the left ear than on the digits presented to the right ear. As indicated by the standard deviations, performance in the left ear was also more variable than performance in the right ear across the three groups of children up to age 18. Among the young adults, The recognition data for the individual participants are displayed in Figure 1 as bivariate plots with performance on the materials presented to the left ear shown on the ordinate and performance on the materials presented to the right ear shown on the abscissa. The data include right-handed listeners (open circles), left-handed listeners (filled circles), and the mean for all listeners (large filled circles). The columns of graphs depict the three digit conditions, and the rows of graphs show the data for the four subject groups. The diagonal line in each graph represents equal performance with data points above the line reflecting a LEA and data points below the line reflecting a REA. Two relations about intersubject variability are apparent from the individual data in Figure 1 . Intersubject variability increased both (1) as a function of the number of digit pairs from one to three, and (2) as a function of age group from the youngest to oldest group. For all subjects, performance was significantly better for presentations involving fewer digit pairs, F (2,418) 5 133.11, p , .01. Also as expected, older participants performed significantly better on the test than younger participants, F (3, 209) 5 19.65, p , .01. There were no significant main effects of gender on the results, F (1,209) 5 1.815, p ..01.
Significant Interactions
A significant interaction of ear with age occurred, F (3, 209) 5 4.56, p , .01, because as participants matured, performance in each ear improved with the emergence of ceiling effects in older listeners and smaller differences in performance between the two ears. Older participants recognized more digits in both ears with greater improvement shown across development in left-ear scores. This relation is illustrated by the right-ear (O's) and left-ear (X's) data in Figure 2 . Part of this effect occurred because left-ear performance was much lower in the youngest children, resulting in a larger difference between the two ears. As children matured, the difference between the two ears became smaller as recognition of digits presented to the left ear improved by a greater degree than recognition of the digits presented to the right ear. Improvement in right-ear performance was limited by the ceiling effects for single digit presentations that were apparent in the two older groups of participants. Linear-regression equations used to fit the results for the left (X) and right (O) ears are shown in each panel of Figure 2 . Because all slopes of the linear regressions in Figure 2 are negative, with the slopes for left-ear performance steeper than the slopes for right-ear performance, the difference between the two functions in each panel represents the overall REA for the listeners within each age group. For the right ear, the slope of the function decreased from -6.9%/condition in the youngest group to -1.2%/condition in the oldest group whereas for the left ear, the slope decreased from -10.4%/condition to -2.5%/condition, again indicating greater gains in performance for the left ear across age groups.
A significant interaction between ear and number of digits, F (2, 418) 5 14.73, p , .01, was due to a greater number of LEAs during the three-pair condition than during either the one-or two-pair conditions as shown in the scatterplots in Figure 1 . The interaction was also due to an increasingly greater difference between the two ears as the number of critical elements increased from one-to two-to three-pair digits as shown in Figure  2 . A final interaction between the number of digit pairs and age group occurred, F (6, 418) 5 12.20, p , .01, because older listeners produced higher scores across all digit types and performed at progressively higher levels for the more difficult two-pair and three-pair conditions.
Interaural Asymmetry
Mean values of interaural asymmetry (RE score -LE score) across each of the three digit conditions and for the entire test are listed in Table 3 . Within each digit condition, values of interaural asymmetry were largest for the 10-11 years group and became smaller with increasing age. Within each age group, values of interaural asymmetry were larger in conditions with increased demands on working memory, increasing in magnitude from one-to two-to three-pair digits. A multivariate ANOVA revealed a significant main effect of age group on measures of interaural asymmetry for the one-pair condition, F (3,216) 5 6.951, p ,. 01, the two-pair condition, F (3,216) 5 9.654, p ,. 01, the three-pair condition, F (3,216) 5 8.366, p ,. 01, and across the entire test, F (3,216) 5 10.024, p ,. 01. Averaged across all participants, interaural asymmetry was 2% for the one-pair condition, 6% for the twopair condition, and 8% for the three-pair condition. Post-hoc multiple comparisons showed that the two younger subgroups (10-11 years and 12-14 years) produced mean interaural asymmetries that did not significantly differ for any of the digit conditions or overall for the entire test as shown in Figure 3 . Comparisons between the 10-11 years group and the 15-18 and 19-28 years groups were significantly different for all conditions. Comparisons between the 12-14 years group and the two older groups were also significantly different for all conditions. Comparisons between the other two neighboring groups (12-14 years with 15-18 years, and 15-18 years with 19-28 years) were significant for the two-pair condition only.
A majority of the participants produced an overall REA for the test, but there were some who produced an overall LEA. There were 11 participants who were identified as being predominantly left-handed for everyday tasks. There were six other participants for whom no handedness information was obtained, but the remaining 200 participants were all right-handed. An overall LEA was found for two participants for whom handedness was unknown, for two left-handed participants, and for 35 right-handed participants, comprising 18% of all participants. Among the righthanded participants, the prevalence of an overall LEA was 17.5%, a result that is within the reported 20% prevalence of a LEA in right-handed individuals during dichotic listening tasks with words (Hiscock et al, 2000) . The prevalence of the LEA was greatest among the young adult participants at 28%, but as shown in Figure 4 , within the groups of children the Figure 4 ) because one individual produced a LEA of 23% whereas other LEAs among young adults were the result of better performances on the materials presented to the left ear during the two-and three-pair conditions with magnitudes between 1 and 6%. These relatively small values for a LEA in young adults are due to small differences in performance between the two ears, possibly from variability in attention across the duration of the test.
Normative Data
The mean percent correct scores for all participants were used to establish recognition performance values on the RDDT that are shown by the dotted lines in Figure 5 . The solid lines above and below the mean data represent the boundaries of the 99.7% confidence interval that was calculated as the mean percent correct recognition score 6 3 standard errors. The 99.7% confidence interval values for all three digit conditions are listed in Table 4 for each age group.
The values for interaural asymmetry for participants within each age group were used to establish similar boundaries of the 99.7% confidence interval calculated as the mean percent correct ear advantages 6 3 standard errors. These values are similarly shown in Figure 6 and listed in Table 5 .
Abnormal Results
As in the original adult study, the 99.7% confidence intervals were used to identify performance in the right or left ear during any condition as abnormal if the value was lower than three standard deviations below the mean for the age group (Strouse and Wilson, 1999a) . Individual participants who produced a result that was identified as abnormal in either two or all three of the digit conditions of the RDDT were identified. The two-condition pattern could occur for any two conditions, that is, one and two pair, one and three pair, or two and three pair. The participants then were separated into three subgroups based on the ear in which the abnormal results occurred, either right only (RED), left only (LED), or bilateral (BLD). The BLD pattern of bilaterally abnormal results occurred for 11 children (6.6%) and 3 young adults (6%). Six of the children and one adult were able to produce normal scores in the one-digit pair condition whereas the other five children and two adults were unable to produce normal scores for any condition of the test. The prevalence of the BLD pattern was similar across children and adults ,and interestingly, the prevalence across the three subgroups of children remained fairly consistent at 7% for 10-11 year olds, 5.5% for 12-14 year olds, and 7.7% for 15-18 year olds.
Normal performance on the materials presented to one ear together with abnormally poor performance on the materials presented to the other ear can index an APD that is difficult to explain as a deficit in language or attention when performance in the dominant ear is at a normal level. The LED pattern was most common during the RDDT. As shown in Figure 7 , the LED pattern occurred most often among the 10-11 years group (17.4%), decreasing to 14.5% in the 12-14 years group and to 11.5% in the 15-18 years group. The prevalence among the young adults was 12%. All but 2 of these 32 individuals produced a REA across the test, and those who did not produced very small LEAs of -1% and -2%. Slightly less than half (12) of the children produced deficits in the left ear across all three digit conditions of the test, and the other children (14) and all of the young adults (6) produced deficits in the left ear across two of the conditions (four of these occurred Figure 6 . Mean values of interaural asymmetry for each condition for subjects within each age group (dotted lines) and 99.7% confidence interval boundaries (solid lines) for use in establishing range of normal performance. 20.6-0.9 0.8-5.5 20.1-7.9 0.6-4.9 19-28 years 20.7-0.9 21.8-2.6 22.3-3.8 21.5-2.5 Figure 7 . Percent of subjects who demonstrated abnormal performance in the two-digit pair or three-digit pair conditions in the left ear or the right ear within each subgroup.
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for one and three pair, and the other 15 occurred for two and three pair). The prevalence of the RED pattern across age groups as shown in Figure 7 was highest (17.4%) among participants in the 10-11 year olds and then decreased to 9.1% in the 12-14 year olds and to 3.8% in the 15-18 year olds. In the young adults, the RED pattern occurred in 6% of the participants. There are two possible explanations for a right-ear deficit on the RDDT. One explanation is that because normal scores for the right ear are higher across the test, a participant who is working at the lower level of normal performance might produce similar scores in the left and right ears, and the scores in the right ear will be abnormal, whereas the same score in the left ear will be normal. This result, with similar scores in the two ears, occurred for 18 of the 21 children and 2 of the 3 young adults who demonstrated this RED pattern. It is difficult to attribute this seemingly unilateral deficit pattern to an auditory processing deficit because it represents similar performance in both ears and may have occurred from general weaknesses in attending to multiple presentations or to other factors as previously described for larger deficits in both ears.
Another possibility is that the individual with RED is able to identify a normal number of digits presented to the left ear but has a significant difficulty with identifying digits presented to the right ear and may as a result produce a large interaural asymmetry together with a LEA. This pattern of results is consistent with a reversed specialization for language to the right hemisphere of the brain (Hugdahl et al, 1997 ) and a possible unilateral deficit in the weaker right ear. One 13-year-old child and one young adult produced this RED pattern with significantly poorer performance in the right ear compared to the left ear, together with a larger than normal LEA for the test (-12% for the child and -23% for the young adult).
The remaining two cases are more difficult to interpret. In both of these cases, the abnormal scores occurred for the right ear in only two of the digit pair conditions. In one example, an 11-year-old male produced abnormal scores for the right ear in the two-and three-pair conditions, but he produced a REA in the two-pair condition and a LEA in the three-pair condition. Similarly in the other case, a 12-year-old female produced abnormal scores for the right ear and a LEA in the one-and three-pair conditions but produced a REA in the two-pair condition. For both of these children, the inconsistency for ear advantage across the listening conditions of the test is indicative of difficulties in sustaining attention. In cases like these, it might be helpful to administer the test a second time on another date to see if the results change or to use an auditory continuous performance test to evaluate the listener's ability to sustain attention over an extended period of time.
Interaural asymmetry was compared across the three groups defined on the basis of the patterns described above (BLD, LED, and RED) and a final group comprised of those participants whose scores were normal bilaterally (WNL [within normal limits]). A multivariate ANOVA for measures of interaural asymmetry revealed significant differences between these groups on the basis of their performance with one pair, F (3, 216) 5 34.346, p , .01, with two pair, F (3, 216) 5 51.625, p , .01, with three pair, F (3, 216) 5 33.698, p , .01, and across the entire test, F (3, 216) 5 53.738, p , .01. The values of interaural asymmetry were highest among LED participants as shown in Figure 8 . These results suggest that a very large interaural asymmetry is demonstrated to a much greater extent among children with normal performance in the right ear and abnormal performance in the left ear. This does not preclude the possibility that a very large interaural asymmetry in a child with a LEA might also suggest a binaural integration deficit in a child whose language specialization is in the right hemisphere of the brain. This seemed to be the case for the one young adult in the RED group who produced a LEA of -23% and may have also been possible for the one child in the RED group who produced a LEA of -12%.
DISCUSSION
F or over 28 years, it has been widely accepted that the ability of children to process dichotically presented speech stimuli is fully mature and adultlike by age 11. Early evidence demonstrated little change in performance and stable ear advantages for children between the ages of 5 and 13 years when tested with dichotic CVs (Berlin et al, 1973) , although it was acknowledged that as children matured, their ability to respond correctly from both ears did improve. The dichotic listening tests currently used in clinical practice have normative data for children up to 11 years and treat children older than 12 years as adults (Katz and Smith, 1991; Keith, 2000; Bellis, 2003) . Clinicians have noted that dichotic listening results from adolescents often appear to be more severely impaired on auditory processing skills when their performance is compared to adult standards (Eichert et al, 2007) , suggesting that age-appropriate normative information for assessing adolescents is important for clinical decisions regarding APD.
Performance during dichotic listening tasks depends on the structural integrity of ascending and interhemispheric pathways of the auditory system as well as on appropriate allocation of resources related to verbal working memory and attention. Detection of auditory signals at the periphery is fully mature at birth, but evidence of qualitative differences in cortical auditory evoked potentials among children from ages 5 to 20 years strongly suggest that the ascending neural systems involved in the processing of even simple auditory stimuli are not fully mature until early adulthood (Ponton et al, 2000) . Some frontal functions related to orienting behaviors involved in learning originate in the anterior cingulate cortex and are seen in young children when tested with auditory stimuli (Liddle et al, 2001 ), but other frontal functions that depend on activation in supplementary motor areas for fast automatic responses may not fully mature until much later in adolescence (Bender et al, 2006) . At the cortical level, interhemispheric transmission depends on development of myelin for fast conduction of the neural signal between the two hemispheres. In one study of childhood brain development, white matter increased linearly from age 4 to 22 years (Giedd et al, 1999) , and in another, a precipitous drop in gray matter density after age 28 years was attributed to late myelination rather than to any early degenerative changes (Sowell et al, 2003) . Both studies also reported nonlinear increases in gray matter in the temporal lobe until nearly age 17 years, much longer than in other cortical lobes. These effects were more prominent in the left than the right hemisphere and were limited to language cortices, suggesting later maturation of language regions relative to other cortical areas. This distinctly longer trajectory for increased gray matter within the temporal lobe was attributed by these authors to late synaptogenesis, possibly related to activities of the adolescent and influenced by both environment and hormones.
With evidence of dramatic changes in the development of auditory structures and behaviors among children and adolescents, it is reasonable to expect that performance on challenging dichotic listening tasks would continue to improve well past 12 years of age. Our results support this expectation with increases in performance across all conditions of the RDDT up to 18 years and with evidence that young adults between the ages of 19 and 28 years continue to demonstrate significantly better performance on these tasks compared to children and adolescents. Older listeners have presumably had more experience with challenging listening tasks and may continue to develop better listening and response strategies. As a result, older listeners are more able to allocate resources of attention and working memory in order to correctly identify digit pairs that involve a higher number of critical items to be identified.
Normative data for young adults was slightly better in the three-pair digit condition than the data reported earlier among individuals from 20 to 29 years of age (94% versus 89.8% for the left ear and 94.7% versus 92.7% for the right ear) for the RDDT (Strouse and Wilson, 1999a) . One possible explanation for this could be that in the earlier study, all stimuli were presented at a fixed presentation level of 70 dB HL whereas in this study, all stimuli were presented at 50 dB SL relative to each individual participant's PTA for thresholds at 500, 1000, and 2000 Hz. Average hearing levels in the previous study were similar to those in this study, but it is not known if any of the participants in the previous study had hearing levels greater than 25 dB HL at any single frequency that did not occur for any participants in this study. A greater difference between the two studies was in the balance of gender in this young adult subgroup. In our study, there were 7.3 females for every male who participated in this young adult subgroup, whereas in the earlier study, the gender ratio was reversed with 2.5 males to every female. It seems likely that in addition to possible differences in hearing sensitivity and presentation levels between the two studies, the different ratios of gender may have contributed to this slight difference in performance values among the young adults who participated.
In general, there was a higher prevalence of unilateral deficits based on weaknesses in the twoand three-pair conditions of the RDDT than when based on weaknesses in all three of the conditions. This seems reasonable because the one-pair condition places the lowest demand on verbal working memory and is usually handled easily, even by some young children. Because of the random presentation of all three types of pairs in the RDDT, listeners were required to retain two digits in the one-pair condition or four digits in the two-pair condition in verbal working memory until they were sure that all digits had been presented. This uncertainty about the length of the stimulus has been shown to produce lower scores in the two-pair condition among adults (Strouse and Wilson, 1999b) and is likely to have contributed to poorer scores for the two-pair condition in this study than would be expected if the pairs had been presented in isolation. It is also likely that improvements in verbal working memory may have accounted for the greater differences observed between the two adolescent groups and between the older adolescents and the young adults for the two-pair condition. Among children in the youngest group (10-11 years), 10% had difficulties across the one-pair condition, but the prevalence of deficits for all three conditions dropped to 4% in the next two groups of children, suggesting that as children matured, they had fewer difficulties with remembering and identifying single digits during the random presentations of the RDDT.
The high prevalence of weaknesses in the right ear among the 10-11 years group (17%) may have been related to problems with language, attention, motivation, fatigue, or other unknown factors. The age by which hemispheric dominance for language is established in children is not known but has been the subject of intense debate for several decades. Lennenberg (1967) hypothesized that at birth, the two hemispheres are equipotential for language and that from the age of two years until puberty, the left hemisphere establishes dominance for language. Others have argued that the right hemisphere is dominant at birth (Geschwind and Galaburda, 1985) . Growing evidence from neuroimaging studies supports right hemispheric specialization during infancy and early childhood with a shift to left hemispheric dominance beginning in the fourth year of life (Chiron et al, 1997) , especially in sensorimotor cortex, Broca's area, and posterior associative brain regions that serve handedness and language functions. One problem with group studies is that they report average results, thereby potentially overlooking information related to hemispheric dominance within individual subjects. Dichotic listening studies indicate that as many as 20% of righthanded individuals may demonstrate performance patterns consistent with right hemispheric specialization for language (Hiscock et al, 2000) , so even in a study that controls for handedness, there may be several individuals who demonstrate reversed specialization and whose data would be obscured by the presentation of average results. Because hemispheric specialization for language can shift from one hemisphere to the other following temporal lobe damage during early childhood (Brizzolara et al, 2002) , it seems unlikely that empirical evidence will support a specific time for the establishment of hemispheric dominance. It is possible that throughout neuromaturation during childhood, lability in ear advantages may reflect periodic changes as children gain greater experience with challenging and competing listening tasks. Some may ultimately develop symmetrical activation during language experiences that would lead to very small interaural asymmetries during dichotic listening tasks directed either to the right or the left.
Even though the majority of children in this study demonstrated right-handedness for performing everyday tasks, many children indicated use of their left hands for a few of the tasks identified. This ability to switch hands across tasks may be similar to the ability to switch direction of attention or language processing early in development as children's brains mature into a pattern of hemispheric dominance for all of these tasks. It also seems reasonable that children the same age may differ in how they engage resources related to attention across challenging verbal tasks. As a result, their performance recognition patterns on dichotic listening tests are likely to vary from one child to another and even to some extent, from one test to another. Clinicians should look only for consistent patterns of significant weakness in one ear together with normal performance in the other ear, because this particular pattern is least likely to be related to normal variation.
Because of the risk of interpreting what may be normal variation as a clinically significant weakness, results from a single dichotic listening test must never be used to justify a diagnosis of an APD. Instead, the clinician should follow poor results from one test with assessment using other dichotic listening tests to look for and document a consistent pattern of weakness. In this study, the LED pattern was suggested by results from 15.5% of the 10-18 year olds and 12% of the young adults tested with the RDDT. Another 11.3% of the children and 6% of the young adults produced the RED pattern, and 6.5% of the children and 6% of the young adults produced the BLD pattern. Because a unilateral weakness is a common finding for clinically diagnosing an ''Integration Deficit'' type of APD (Bellis, 2003) , results that fall below age-appropriate levels of performance should always be used to direct further assessments with other dichotic listening tests. Once identified across two or more dichotic listening tests, a unilateral weakness could be used in the clinic to separate patients for whom a binaural integration deficit may be the primary factor affecting auditory processing performance from those who may have poor performance due to other factors such as attention, language, motivation, fatigue, or limitations in verbal working memory possibly related to maturation. Results from this study demonstrate that poor scores on dichotic listening tests can occur frequently and that audiologists must have an adequate number of dichotic listening tests to appropriately diagnose an APD in the clinic.
Poor performance in both ears is difficult to attribute to an APD because it could be due to many other factors as previously described. For example, limited cognitive ability, weak language skills, poor motivation, or difficulties sustaining attention could limit a child's performance across both ears. Approximately 6% of the participants in this study produced the BLD pattern. Reduced performance in both ears during dichotic listening tests has been used to identify an ''auditory decoding'' type of APD (Bellis and Ferre, 1999; Bellis, 2003) . Given that these same results may occur because of cognitive difficulties, limited verbal working memory, or other factors related to language, motivation, or attention, it seems unwise to characterize these children with an APD without further evidence that the difficulty is auditory in nature.
Because performance is usually better on material presented to the right ear than on material presented to the left ear during dichotic listening tasks, normative values for the right ear are always higher than for the left ear. Children with global difficulties are more likely, therefore, to produce abnormal scores for the right ear than for the left ear if their performance is generally below par for the test. It seems plausible that some younger children may perform below normal because they are not as mature as other children of the same chronological age. The intersubject variability seen in the youngest age group across the digit conditions in this study supports this premise of larger differences in maturation among younger children. If clinical results are ambiguous and maturation is a potential factor, the clinician should consider having the child return for a reevaluation in six months to one year to determine if performance has improved in a manner that would be consistent with normal but delayed maturation.
The normative data provided in this study can be used to compare a child's behavior to performance by age-related peers. The ability of children to accurately identify competing information presented simultaneously to the two ears improved as a function of age for both ears in this study, a result which has been shown consistently in the dichotic listening literature (Hugdahl, 1995) . The linear reduction in the REA across the age groups involved in this study is also consistent with previous evidence that with maturation and additional experience with challenging listening tasks, the ability of children to identify multiple differing inputs to their two ears steadily improves (Keith, 2000; Bellis, 2003) .
We propose that the RDDT is a useful clinical instrument for evaluating dichotic listening performance in children between 10 and 18 years of age. The test is excellent for evaluating free-recall performance across children and is very easy to administer. The RDDT can be used as a cross-check against performance observed during one of the traditionally used tests of dichotic listening such as the Competing Words subtest of the SCAN-C or the SCAN-A (Test of Auditory Processing Disorders in Adolescents and Adults) or the Staggered Spondaic Words Test (Katz and Smith, 1991) . Whereas inconsistent patterns of performance across several measures of dichotic listening suggest problems with attention, motivation, or cognition, the presence of a consistent weakness in the child's nondominant ear is a strong indication of an ''integration deficit'' type of APD (Bellis, 2003) . Because of the larger-than-normal interaural asymmetry observed during binaural processing, children with this type of APD may not benefit from assistive listening devices in the classroom (Florida Department of Education, 2001) . Auditory rehabilitation for interaural asymmetry (ARIA) is a new therapy directed at strengthening performance in the nondominant ear during dichotic listening tasks that has demonstrated significant benefits for children with interaural asymmetries that may also improve overall listening (Moncrieff and Wertz, 2008) . In order to appropriately refer children with interaural asymmetries for dichotic training programs, clinicians will be able to supplement other clinically available dichotic listening tests with the RDDT, together with the normative information provided by this study, to assist in identifying children with this type of APD.
